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We formulate the most-general time-dependent distributions of Bs → J/ψ(→ l+l−)φ(→ K+K−)
in which the direct CP violation is explicitly incorporated. We investigate the B → J/ψV decays
in the perturbative QCD approach where V is a light vector meson. Apart from the leading-order
factorizable contributions, we also take into account QCD vertex corrections and the hard-spectator
diagrams. With the inclusion of these sizeable corrections, most of our theoretical results for CP-
averaged branching ratios, polarization fractions, CP-violating asymmetries, and relative phases are
in good consistency with the available data. Based on the global agreement, we further explore the
penguin contributions and point out that the φs extracted from Bs → J/ψφ can be shifted away by
O(10−3).
PACS numbers: 13.25.Hw, 12.38.Bx, 14.40.Nd
I. INTRODUCTION
In the standard model (SM) of particle physics, CP violation arises from the non-vanishing complex phase in
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Constraints stemming from the unitarity of CKM matrix can
be pictorially represented as triangles, the length of whose sides are products of CKM matrix elements and the
angles are relative phases between them. Due to the comparable size of the three sides, the so-called (bd) triangle
from VtbV
∗
td + VcbV
∗
cd + VubV
∗
ud = 0 is mostly discussed in the heavy flavor physics. In contrast, the (bs) triangle,
VtbV
∗
ts+VcbV
∗
cs+VubV
∗
us = 0, has a small complex phase, and provide a null test of SM. Thus it is also of great interest
and deserves more theoretical and experimental efforts.
In the SM, the non-vanishing phase in (bs) triangle is related to the Bs − B¯s mixing phase. States of B0s or B¯0s at
t = 0 can evolve in time and get mixed with each other. These states at t can be denoted as Bs(t) and B¯s(t). Since
both the B0s and B¯
0
s can decay into the same final state like J/ψφ, there is an indirect CP asymmetry (CPA) between
the rates of Bs(t)→ J/ψφ and B¯s(t)→ J/ψφ, quantified by
Im
[
q
p
A¯f
Af
]
. (1)
Here the Af and A¯f are the Bs and B¯s decay amplitudes which are dominated by the b → cc¯s transition. Since
the CKM factors VcbV
∗
cs are real in the standard parametrization of CKM, the indirect CPA defined in Eq. (1)
measures the phase in q/p defined with the form: φs = −arg(q/p). This phase φs is tiny in the SM, and in particular
φs = −2βs = −2arg[−VtsV ∗tb/(VcsV ∗cb)] [1]:
φs = (−0.036± 0.002) rad. (2)
The observation of a large non-zero value would be a signal for new physics beyond the SM.
The φs extraction has greatly benefited from measurements of time-dependent observables in Bs/B¯s → J/ψφ, the
analogue of the golden-channel B → J/ψKS . In the experimental retrospect, many progresses have been made in
the past few years. Thanks to the large amount of data sample collected on the Tevatron and LHC experiments, the
result for φs is getting more and more precise [2–6]. Recently based on the data of 1.0fb
−1 collected at 7 TeV in 2011,
the LHCb collaboration gives [7]
φJ/ψφs = (0.07± 0.09± 0.01) rad, (3)
2which is in agreement with the SM value in Eq. 2 when the errors are taken into account. Moreover new alternative
channels are proposed and in particular the Bs → J/ψf0(980) is believed to have the supplementary power in reducing
the error in φs [8, 9]. A characteristic feature of this mode is that f0(980) is a 0
++ scalar meson, and thus the final
state J/ψf0 is a CP eigenstate. In contrast with the Bs → J/ψφ, it does not request to perform the angular
decomposition, and therefore the time-dependent analysis is greatly simplified. Agreement on branching ratios (BRs)
is found between theoretical calculation [10–13] and experimental measurements [14–16], while the φs is reported by
the LHCb collaboration [7]
φJ/ψf0s = (−0.14+0.17−0.16 ± 0.01) rad. (4)
However it is necessary to point out that, due to the unknown internal structure of the scalar f0(980), the extracted
results for φs may be contaminated by various hadronic corrections in this process [13].
On the theoretical side, although decays of the Bs/B
0
s meson into J/ψ(φ/f0) are mainly governed by the b→ cc¯s
transition at the quark level, there are indeed penguin contributions with non vanishing different weak phases. Thus
the indirect CPA can be shifted away from the φs. Though intuitively penguin contribution is expected to be small
in the SM, a complete and reliable estimate of its effects by some QCD-inspired approach is not yet available. Such
estimate will become mandatory soon especially when confronted with the gradually-reducing experimental error. As
a reference, after the upgrade of LHC the error can be diminished to ∆φs ∼ 0.008 [6].
The main purpose of this work is to estimate the penguin contributions in the Bu/d/s → J/ψV (V = ρ, ω, φ,K∗)
decays and explore the impact to the CPA measurement. To do so, we will present the time-dependent angular
distributions, in which the direct CP asymmetry is incorporated. Instead of using the flavor SU(3) symmetry to relate
the effects in Bs → J/ψφ and the counterpart of B decay modes [17, 18], we will adopt the QCD-based factorization
approach to directly compute both tree amplitudes and penguin amplitudes. In particular, the perturbative QCD
factorization approach (pQCD) [19–22] will be used in this work, the same approach that has been applied to study
the B → J/ψP [23–25] and estimate the penguin contribution to ∆S in B → J/ψKS [26]. Recent development of
this approach can be found in Refs. [27, 28]. Apart from the leading-order (LO) contributions, we will also include
the next-to-leading order (NLO) corrections in αs, which are sizeable especially to penguin contributions.
The rest of this paper is organized as follows. We derive the time-dependent angular distributions in Sec. II.
Section III is devoted to the ingredients of the basic formalism in the pQCD approach. The analytic expressions for
the Bu/d/s → J/ψV decay amplitudes in the pQCD approach are also collected in this section. Numerical results for
the CP-averaged branching ratios (BRs), polarization fractions, relative phases, and CP-violating asymmetries of the
considered decays are given in Sec. IV. We summarize this work and conclude in Sec. V. Some calculation formulas
are relegated to the appendix.
II. HELICITY-BASED ANGULAR DISTRIBUTIONS OF Bs → J/ψ(→ l+l−)φ(→ K+K−)
θl
φ
θK z
l−
l+
K+
K−
FIG. 1. Kinematics of Bs/B¯s → J/ψ(→ l+l−)φ(→ K+K−). The moving direction of the K+K− pair in the Bs/B¯s rest
frame is chosen as the z axis. The polar angle θK (θl) is defined as the angle between the flight direction of K
+ (l+) and the z
axis in the φ (J/ψ) rest frame. φ is the azimuthal angle between the two decay planes of φ and J/ψ.
The decay distributions can be expressed in terms of helicity angles, θK , θl, φ. The convention on the kinematics in
Bs/B¯s → φ(→ K+K−)J/ψ(→ l+l−) is illustrated in Fig. 1. The moving direction of the K+K− pair in the Bs/B¯s
rest frame is chosen as the z axis. The polar angle θK (θl) is defined as the angle between the flight direction of K
+
(l+) and the z axis in the φ (J/ψ) rest frame. φ is the azimuthal angle between the two decay planes of φ and J/ψ.
3TABLE I. The time-dependent angular functions defined in Eqs. (5) and (6), as discussed in the text. In the amplitude Aji ,
the superscript j denotes the spin, while the subscript i = 0, ||,⊥ corresponds to the three polarization configurations of the
K+K− system. A00 is also usually referred to as AS in the literature. Some abbreviations have been used for cosine and sine
functions, for instance cK = cos θK , sK = sin θK , s2K = sin(2θK)
fk Nk ak bk ck dk
c2Ks
2
l
|A10|2+|A10|2
2
1 − 2|λ10|
1+|λ10|2
cos(φ10)
1−|λ10|2
1+|λ10|2
2|λ10|
1+|λ10|2
sin(φ10)
s2K (1−c2φc2l )
2
|A1|||2+|A
1
|||2
2
1 − 2|λ
1
|||
1+|λ1
||
|2 cos(φ
1
||)
1−|λ1|||2
1+|λ1
||
|2
2|λ1|||
1+|λ1
||
|2 sin(φ
1
||)
s2K(1−s2φc2l )
2
|A1⊥|2+|A
1
⊥|2
2
1
2|λ1⊥|
1+|λ1
⊥
|2 cos(φ
1
⊥)
1−|λ1⊥|2
1+|λ1
⊥
|2 −
2|λ1⊥|
1+|λ1
⊥
|2 sin(φ
1
⊥)
s2Ks
2
l sφcφ |A1⊥A1|||
1
2
[
sin(δ1⊥ − δ1||)− |λ1⊥λ1|||
sin(δ1⊥ − δ1|| − φ1⊥ + φ1||)
]
1
2
[
|λ1⊥| sin(δ1⊥ − δ1|| − φ1⊥)
+|λ1||| sin(δ1|| − δ1⊥ − φ1||)
]
1
2
[
sin(δ1⊥ − δ1||) + |λ1⊥λ1|||
sin(δ1⊥ − δ1|| − φ1⊥ + φ1||)
] −
1
2
[
|λ1⊥| cos(δ1⊥ − δ1|| − φ1⊥)
+|λ1||| cos(δ1|| − δ1⊥ − φ1||)
]
√
2
4
s2Ks2lcφ |A10A1|||
1
2
[
cos(δ10 − δ1||) + |λ10λ1|||
cos(δ10 − δ1|| − φ10 + φ1||)
] −
1
2
[
|λ10| cos(δ10 − δ1|| − φ10)
+|λ1||| cos(δ1|| − δ10 − φ1||)
]
1
2
[
cos(δ10 − δ1||)− |λ10λ1|||
cos(δ10 − δ1|| − φ10 + φ1||)
] −
1
2
[
|λ10| sin(δ10 − δ1|| − φ10)
+|λ1||| sin(δ1|| − δ10 − φ1||)
]
√
2
4
s2Ks2lsφ |A10A1⊥|
1
2
[
sin(δ10 − δ1⊥)− |λ10λ1⊥|
sin(δ10 − δ1⊥ − φ10 + φ1⊥)
] −
1
2
[
|λ10| sin(δ10 − δ1⊥ − φ10)
+|λ1⊥| sin(δ1⊥ − δ10 − φ1⊥)
]
1
2
[
sin(δ10 − δ1⊥) + |λ10λ1⊥|
sin(δ10 − δ1⊥ − φ10 + φ1⊥)
]
1
2
[
|λ10| cos(δ10 − δ1⊥ − φ10)
+|λ1⊥| cos(δ1⊥ − δ10 − φ1⊥)
]
1
3
s2l
|A00|2+|A00|2
2
1
2|λ00|
1+|λ00|2
cos(φ00)
1−|λ00|2
1+|λ00|2
− 2|λ00|
1+|λ00|2
sin(φ00)
2sKslclcφ√
6
|A00A1|||
1
2
[
cos(δ00 − δ1||)− |λ00λ1|||
cos(δ00 − δ1|| − φ00 + φ1||)
]
1
2
[
|λ00| cos(δ00 − δ1|| − φ00)
−|λ1||| cos(δ1|| − δ00 − φ1||)
]
1
2
[
cos(δ00 − δ1||) + |λ00λ1|||
cos(δ00 − δ1|| − φ00 + φ1||)
]
1
2
[
|λ00| sin(δ00 − δ1|| − φ00)
−|λ1||| sin(δ1|| − δ00 − φ1||)
]
2sKslclsφ√
6
|A00A1∗⊥ |
1
2
[
sin(δ00 − δ1⊥) + |λ00λ1⊥|
sin(δ00 − δ1⊥ − φ00 + φ1⊥)
]
1
2
[
|λ00| sin(δ00 − δ1⊥ − φ00)
−|λ1⊥| sin(δ1⊥ − δ00 − φ1⊥)
]
1
2
[
sin(δ00 − δ1⊥)− |λ00λ1⊥|
sin(δ00 − δ1⊥ − φ00 + φ1⊥)
]
1
2
[
− |λ00| cos(δ00 − δ1⊥ − φ00)
+|λ1⊥| cos(δ1⊥ − δ00 − φ1⊥)
]
2cKs
2
l√
3
|A00A10|
1
2
[
cos(δ00 − δ10)− |λ00λ10|
cos(δ00 − δ10 − φ00 + φ10)
]
1
2
[
|λ00| cos(δ00 − δ10 − φ00)
−|λ10| cos(δ10 − δ00 − φ10)
]
1
2
[
cos(δ00 − δ10) + |λ00λ10|
cos(δ00 − δ10 − φ00 + φ10)
]
1
2
[
|λ00| sin(δ00 − δ10 − φ00)
−|λ10| sin(δ10 − δ00 − φ10)
]
The full decay amplitudes can be calculated using the helicity amplitudes and for a detailed discussion we also refer
the reader to Refs. [29–32]. In the presence of S-wave K+K− the angular distribution for Bs → J/ψ(→ l+l−)φ(→
K+K−) at the time t of the state that was a pure Bs at t = 0 is given as
d4Γ(t)
dm2KKd cos θKd cos θldφ
=
10∑
k=1
hk(t)fk(θK , θl, φ), (5)
where the time-dependent functions hk(t) are given as
hk(t) =
3
4π
e−Γt
{
ak cosh
∆Γt
2
+ bk sinh
∆Γt
2
+ ck cos(∆mt) + dk sin(∆mt)
}
. (6)
Here ∆m = mH −mL, ∆Γ = ΓL − ΓH , and Γ = (ΓL + ΓH)/2. For the state that was a B¯s at t = 0, the signs of ck
and dk should be reversed. The explicit results for these coefficients are collected in Table I, in which we have used
λji = η
j
i
q
p
A¯ji
Aji
≡ |λji |e−iφ
j
i . (7)
ηji is the CP-eigenvalue of the final state, j is the spin and i is the polarization/helicity of the K
+K− system.
4III. PERTURBATIVE QCD CALCULATION
Because of the large mass of the bottom quark, for convenience, we will work in the B meson rest frame, where
B denotes any of the Bd, Bu, Bs mesons. Throughout this paper, we will use light-cone coordinate (P
+, P−,PT ) to
describe the meson’s momenta with the definitions
P± =
p0 ± p3√
2
and PT = (p1, p2) . (8)
Then for B → J/ψV decays, the involved momenta can be written as
P1 =
mB√
2
(1, 1,0T ), P2 =
mB√
2
(1 − r23 , r22 ,0T ), P3 =
mB√
2
(r23 , 1− r22 ,0T ). (9)
The J/ψ (V ) meson is chosen to move on the plus (minus) z direction carrying the momentum P2 (P3), r2 = mJ/ψ/mB,
and r3 = mV /mB. In the numerical calculation, higher-order terms in r3 can be neglected, as r
2
3 ∼ 0.04 is numerically
small. The longitudinal and transverse polarization vectors are denoted by ǫL and ǫT with the explicit forms:
ǫL2 =
mB√
2mJ/ψ
(1− r23 ,−r22 ,0T ) and ǫL3 =
mB√
2mV
(−r23 , 1− r22 ,0T ). (10)
The transverse ones are parameterized as ǫT2 = (0, 0,1T ) and ǫ
T
3 = (0, 0,1T ). Putting the (light) quark momenta in
B, J/ψ and V mesons as k1, k2, and k3, respectively, we have
k1 = (x1P
+
1 , 0,k1T ), k2 = x2P2 + (0, 0,k2T ), k3 = x3P3 + (0, 0,k3T ). (11)
In the pQCD approach the decay amplitude for the B → J/ψV can be written in a factorized form:
A(B → J/ψV ) ∼
∫
dx1dx2dx3b1db1b2db2b3db3
×Tr
[
C(t)ΦB(x1, b1)ΦJ/ψ(x2, b2)ΦV (x3, b3)H(xi, bi, t)St(xi) e
−S(t)
]
, (12)
where bi is the conjugate space coordinate of kiT , and t is the largest energy scale in function H(xi, bi, t). The explicit
forms will be given in the following.
A. Wave Functions and Distribution Amplitudes
The heavy B meson is usually treated as a heavy-light system and its light-cone wave function can generally be
defined as
ΦB,αβ,ij ≡ 〈0|b¯βj(0)qαi(z)|B(P )〉
=
iδij√
2Nc
∫
dxd2kT e
−i(xP−z+−kT zT ) {(P/ +mB)γ5φB(x, kT )}αβ ; (13)
where the indices i, j and α, β are the color indices and Lorentz indices, respectively. P (m) is the momentum(mass) of
the B meson, Nc is the color factor, and kT is the intrinsic transverse momentum of the light quark in B meson. Note
that there in principle are two Lorentz structures of the wave function to be considered in the numerical calculations,
however, the contribution induced by the second Lorentz structure is numerically negligible [33, 34].
In Eq. (13), the φB(x, kT ) is the B meson light-cone distribution amplitude (LCDA). It is convenient to work in
the impact coordinate space and the LCDA has the normalization∫ 1
0
dxφB(x, b = 0) =
fB
2
√
2Nc
, (14)
where fB is the decay constant. The following form has been widely used in the pQCD approach [35, 36]
φB(x, b) = NBx
2(1− x)2 exp
[
−1
2
(
xmB
ωB
)2
− ω
2
Bb
2
2
]
. (15)
Based on the rich experimental data on the B mesons in recent years, the shape parameter ωB has been fixed at
about 0.40 GeV [35], while it is ωB = 0.50 GeV for the Bs meson [37].
5The nonlocal matrix elements associated with longitudinally and transversely polarized J/ψ mesons are decomposed
into
ΦLJ/ψ,αβ,ij ≡ 〈J/ψ(P, ǫL)|c¯(z)βjc(0)αi|0〉 =
δij√
2Nc
∫ 1
0
dxeixP ·z
{
mJ/ψ ǫ/L φJ/ψ(x) + ǫ/L P/φ
t
J/ψ(x)
}
αβ
, (16)
ΦTJ/ψ,αβ,ij ≡ 〈J/ψ(P, ǫT )|c¯(z)βjc(0)αi|0〉 =
δij√
2Nc
∫ 1
0
dxeixP ·z
{
mJ/ψ ǫ/ T φ
v
J/ψ(x) + ǫ/ T P/φ
T
J/ψ(x)
}
αβ
, (17)
respectively. This defines the twist-2 distribution amplitudes φJ/ψ and φ
T
J/ψ, and the twist-3 distribution ampli-
tudes φtJ/ψ and φ
v
J/ψ with the c quark carrying the fractional momentum xP . With the inclusion of the relativistic
corrections, the distribution amplitudes for the J/ψ have been derived as [38]
φJ/ψ(x) = φ
T
J/ψ(x) = 9.58
fJ/Ψ
2
√
2Nc
x(1− x)
[
x(1 − x)
1− 2.8x(1− x)
]0.7
,
φtJ/ψ(x) = 10.94
fJ/ψ
2
√
2Nc
(1− 2x)2
[
x(1 − x)
1− 2.8x(1− x)
]0.7
,
φvJ/ψ(x) = 1.67
fJ/ψ
2
√
2Nc
[
1 + (2x− 1)2] [ x(1 − x)
1− 2.8x(1− x)
]0.7
. (18)
Here the twist-3 LCDAs φt,v vanish at the endpoint due to the additional factor [x(1 − x)]0.7.
Up to twist-3, the light-cone wave function for a light vector meson is given as
ΦLV,αβ,ij ≡ 〈V (P, ǫL)|q¯(z)βjq(0)αi|0〉
=
δij√
2Nc
∫ 1
0
dxeixP ·z
{
mV ǫ/ L φV (x) + ǫ/L P/φ
t
V (x) +mV φ
s
V (x)
}
αβ
, (19)
ΦTV,αβ,ij ≡ 〈V (P, ǫT )|q¯(z)βjq(0)αi|0〉
=
δij√
2Nc
∫ 1
0
dxeixP ·z
{
mV ǫ/ T φ
v
V (x) + ǫ/ T P/φ
T
V (x) +mV iǫµνρσγ5γ
µǫνTn
ρvσφaV (x)
}
αβ
, (20)
for longitudinal polarization and transverse polarization, respectively. x is the momentum fraction carried by the
quark in the meson, and n = (1, 0,0T ) and v = (0, 1,0T ) are dimensionless light-like unit vectors. In the above
equation, we have adopted the convention ǫ0123 = 1 for the Levi-Civita tensor ǫµναβ .
TABLE II. Decay constants for the light vector mesons (in MeV)
fρ f
T
ρ fω f
T
ω fK∗ f
T
K∗ fφ f
T
φ
209± 2 165 ± 9 195± 3 145± 10 217± 5 185 ± 10 231 ± 4 200± 10
The twist-2 LCDAs can be expanded in terms of Gegenbauer polynomials:
φV (x) =
3fV√
2Nc
x(1 − x)
[
1 + 3a
||
1V (2x− 1) + a||2V
3
2
(5(2x− 1)2 − 1)
]
, (21)
φTV (x) =
3fTV√
2Nc
x(1 − x)
[
1 + 3a⊥1V (2x− 1) + a⊥2V
3
2
(5(2x− 1)2 − 1)
]
. (22)
fV and f
T
V are the longitudinal and transverse decay constants. fV can be extracted from the data on V
0 → l+l−
and τ → V −ν¯ [39], while the transverse decay constants fTV are taken from Ref. [40]. We collect these quantities in
Tab. II. For the Gegenbauer moments of the light-vector mesons, we take the recent updates [41]:
a
||
1K∗ = 0.03± 0.02, a||2K∗ = 0.11± 0.09, a||2ρ = a||2ω = 0.15± 0.07, a||2φ = 0.18± 0.08 ; (23)
a⊥1K∗ = 0.04± 0.03, a⊥2K∗ = 0.10± 0.08, a⊥2ρ = a⊥2ω = 0.14± 0.06, a⊥2φ = 0.14± 0.07 . (24)
The asymptotic forms of the twist-3 distribution amplitudes φt,sV and φ
v,a
V will be used in this work:
φtV (x) =
3fTV
2
√
2Nc
(2x− 1)2, φsV (x) = −
3fTV
2
√
2Nc
(2x− 1) , (25)
φvV (x) =
3fV
8
√
2Nc
(1 + (2x− 1)2), φaV (x) = −
3fV
4
√
2Nc
(2x− 1). (26)
6In the pQCD approach, the above choices of vector meson LCDAs can successfully explain not only the measured
branching ratios but also polarization fractions for the B → K∗φ, B → K∗ρ and B → ρρ [42, 43].
B. Perturbative Calculations
FIG. 2. (Color online) Typical Feynman diagrams contributing to B → J/ψV decays at leading-order in αs in the pQCD
approach.
The effective Hamiltonian Heff can be written as [44]
Heff =
GF√
2
{
V ∗cbVcD[C1(µ)O
c
1(µ) + C2(µ)O
c
2(µ)]− V ∗tbVtD[
10∑
i=3
Ci(µ)Oi(µ)]
}
+H.c. , (27)
with the Fermi constant GF = 1.16639× 10−5GeV−2, the light D = d, s quark, and Wilson coefficients Ci(µ) at the
renormalization scale µ. The local four-quark operators Oi(i = 1, · · · , 10) are written as
(1) current-current(tree) operators
Oc1 = (D¯αcβ)V−A(c¯βbα)V−A , O
c
2 = (D¯αcα)V−A(c¯βbβ)V−A , (28)
(2) QCD penguin operators
O3 = (D¯αbα)V−A
∑
q′
(q¯′βq
′
β)V−A , O4 = (D¯αbβ)V−A
∑
q′
(q¯′βq
′
α)V−A ,
O5 = (D¯αbα)V−A
∑
q′
(q¯′βq
′
β)V+A , O6 = (D¯αbβ)V−A
∑
q′
(q¯′βq
′
α)V+A ,
(29)
(3) electroweak penguin operators
O7 =
3
2
(D¯αbα)V−A
∑
q′
eq′(q¯
′
βq
′
β)V+A , O8 =
3
2
(D¯αbβ)V−A
∑
q′
eq′(q¯
′
βq
′
α)V+A ,
O9 =
3
2
(D¯αbα)V−A
∑
q′
eq′(q¯
′
βq
′
β)V−A , O10 =
3
2
(D¯αbβ)V−A
∑
q′
eq′(q¯
′
βq
′
α)V−A ,
(30)
with the color indices α, β and the notations (q¯′q′)V±A = q¯′γµ(1± γ5)q′. The index q′ in the summation of the above
operators runs through u, d, s, c, and b. Abbreviations of Wilson coefficients will be used
a1 = C2 +
C1
3
, a2 = C1 +
C2
3
, ai = Ci +
Ci±1
3
(i = 3− 10) , (31)
where the upper(lower) sign applies, when i is odd(even).
In the perturbative QCD approach, the scale t in Wilson coefficients Ci(t), hard-kernel H(xi, bi, t) and Sudakov
factor e−S(t) is chosen as the largest energy scale in the gluon and/or the quark propagators of a given Feynman
diagram, in order to suppress the higher order corrections and improve the convergence of the perturbative calculation.
7In the range of t < mb or t ≥ mb, the number of active quarks is Nf = 4 or Nf = 5, respectively. The explicit
expressions of the LO and NLO Ci can be found , for instance, in Ref. [44].
In the LO calculation, we shall use the LO Wilson coefficients Ci(mW ), the LO renormalization group (RG)
evolution matrix U(t,m)(0) for the Wilson coefficient and the LO αs(t):
αs(t) =
4π
β0 ln
[
t2/Λ2QCD
] , (32)
where β0 = (33 − 2Nf)/3. In the NLO contributions, the NLO Wilson coefficients Ci(mW ), the NLO RG evolution
matrix U(t,m, α) ( see Eq. (7.22) in Ref. [44]) and the αs(t) at two-loop level will be used:
αs(t) =
4π
β0 ln
[
t2/Λ2QCD
] ·

1− β1β20 ·
ln
[
ln
[
t2/Λ2QCD
]]
ln
[
t2/Λ2QCD
]

 , (33)
where β1 = (306− 38Nf)/3. Using Λ(5)QCD = 0.225 GeV, we get Λ(4)QCD = 0.287 GeV (0.326 GeV) for LO (NLO) case.
As discussed in Ref. [45, 46], it is reasonable to choose µ0 = 1.0 GeV as the lower cut-off for the hard scale t.
Decay amplitudes A(σ) for the B → J/ψ(P2, ǫ∗2)V (P3, ǫ∗3) can be decomposed into three independent Lorentz
structures
A(σ) = ǫ∗2µ(σ)ǫ∗3ν(σ)
[
a gµν +
b
mJ/ψmV
Pµ1 P
ν
1 + i
c
mJ/ψmV
ǫµναβP2αP3β
]
≡ m2BML +m2BMN ǫ∗2(σ = T ) · ǫ∗3(σ = T ) + iMT ǫαβγρǫ∗2α(σ)ǫ∗3β(σ)P2γP3ρ , (34)
where the superscript σ denotes the helicity of the final vector meson. The Mi(i = L,N, T ) are written in terms of
the Lorentz-invariant amplitudes a, b and c
m2B ML = a ǫ∗2(L) · ǫ∗3(L) +
b
mJ/ψmV
ǫ∗2(L) · P3 ǫ∗3(L) · P2 ,
m2B MN = a ǫ∗2(T ) · ǫ∗3(T ) , (35)
m2B MT =
c
r2 r3
.
By taking various contributions from the relevant Feynman diagrams into consideration, one can derive the total
decay amplitudes for the B → J/ψV as
Mh = FhfJ/ψ
{
V ∗cbVcd(s) a2 − V ∗tbVtd(s)
(
a3 + a5 + a7 + a9
)}
+Mh
{
V ∗cbVcd(s)C2 − V ∗tbVtd(s)
(
C4 − C6 − C8 + C10
)}
, (36)
where the superscript h standing for the three polarizations L,N, and T , respectively. Here F and M stands for the
contributions of factorizable and non-factorizable diagrams from (V − A)(V − A) operators. The LO factorization
amplitudes derived from Fig. 2 for three polarizations can be read as,
FL = ζ 8πCFm
4
B
∫ 1
0
dx1dx3
∫ ∞
0
b1db1b3db3 φB(x1, b1)(r
2
2 − 1)
×
{[
[(r22 − 1)x3 − 1]φV (x3) + r3(2x3 − 1)φsV (x3)− r3[2(r22 − 1)x3 + r22 + 1]φtV (x3)
]
×hfs(x1, x3, b1, b3)Efs(ta)−
[
2r3φ
s
V (x3)
]
hfs(x3, x1, b3, b1)Efs(tb)
}
, (37)
FN = ζ 8πCFm
4
B
∫ 1
0
dx1dx3
∫ ∞
0
b1db1b3db3 φB(x1, b1)r2
×
{
−
[
(r22 − 1)[r3(r22 − 1)x3φaV (x3) + φTV (x3)] + r3[(r22 − 1)x3 − 2]φvV (x3)
]
Efs(ta)
×hfs(x1, x3, b1, b3) + r3(r22 − 1)
[
(r22 − 1)φaV (x3)− φvV (x3)
]
hfs(x3, x1, b3, b1)Efs(tb)
}
, (38)
8FT = ζ 16πCFm
4
B
∫ 1
0
dx1dx3
∫ ∞
0
b1db1b3db3 φB(x1, b1)r2
×
{
−
[
r3x3φ
v
V (x3)− φTV (x3) + r3[(r22 − 1)x3 − 2]φaV (x3)
]
hfs(x1, x3, b1, b3)
×Efs(ta)− r3
[
(r22 − 1)φaV (x3)− φvV (x3)
]
hfs(x3, x1, b3, b1)Efs(tb)
}
, (39)
where the expressions of Ei and hi can be found in the Appendix. The isospin factor is given as ζ = 1 except ζ = − 1√2 ,
1√
2
for ρ0, ω.
For the nonfactorizable spectator diagrams, Fig. 2(c) and 2(d), all three meson wave functions are involved. For
the (V −A)(V −A) operators, the corresponding decay amplitude is
ML = ζ
16
√
6
3
πCFm
4
B
∫ 1
0
dx1dx2 dx3
∫ ∞
0
b1db1b2db2 φB(x1, b1)(r
2
2 − 1)
×
{
[φV (x3)− 2r3φtV (x3)]
[
x3φJ/ψ(x2) + (2x2 − x3)r22φJ/ψ(x2)
−2r2rcφtJ/ψ(x2)
]}
hnfs(x1, x2, x3, b1, b2)Enfs(tnfs) , (40)
MN = ζ
32
√
6
3
πCFm
4
B
∫ 1
0
dx1dx2 dx3
∫ ∞
0
b1db1b2db2 φB(x1, b1)
×
{
(r22 − 1)[rcφTJ/ψ(x2)− r2x2φVJ/ψ(x2)]φTV (x3) + r3
[
rc(1 + r
2
2)φ
T
J/ψ(x2)− r2[x2(1 + r22)
+x3(1 − r22)]φVJ/ψ(x2)
]
φvV (x3)
}
hnfs(x1, x2, x3, b1, b2)Enfs(tnfs) , (41)
MT = −ζ 64
√
6
3
πCFm
4
B
∫ 1
0
dx1dx2 dx3
∫ ∞
0
b1db1b2db2 φB(x1, b1)
×
{
[rcφ
T
J/ψ(x2)− r2x2φVJ/ψ(x2)]φTV (x3) + r3
[
−rc(1 + r22)φTJ/ψ(x2) + r2[x2(1 + r22)
+x3(1− r22)]φVJ/ψ(x2)
]
φaV (x3)
}
hnfs(x1, x2, x3, b1, b2)Enfs(tnfs) . (42)
rc = mc/mB with mc as the charm quark mass.
FIG. 3. (Color online) Typical Feynman diagrams contributing to B → J/ψV decays known at Next-to-Leading Order level,
in which the contributions will be combined into the Wilson coefficients associated with the factorizable contributions.
As was pointed out in Ref. [24], for these considered B → J/ψV decays, the vertex corrections (see Fig. 3a-3d) will
contribute at the current NLO level, in which their effects can be combined into the Wilson coefficients associated
with the factorizable contributions [47]:
ah2 = C1 +
C2
Nc
+
αs
4π
CF
Nc
C2
(
−18 + 12 ln mb
µ
+ fhI
)
, (43)
ah3,9 = C3,9 +
C4,10
Nc
+
αs
4π
CF
Nc
C4,10
(
−18 + 12 ln mb
µ
+ fhI
)
, (44)
ah5,7 = C5,7 +
C6,8
Nc
+
αs
4π
CF
Nc
C6,8
(
6− 12 ln mb
µ
− fhI
)
. (45)
9The function fhI is given as [47]
f0I = fI + gI(1− r22) , f±I = fI , (46)
with
fI =
2
√
2Nc
fJ/ψ
[∫ 1
0
dx2 φ
L
J/ψ(x2)
{
2r22x2
1− r22(1 − x2)
+ (3− 2x2) lnx2
1− x2
+
(
− 3
1− r22x2
+
1
1− r22(1− x2)
− 2r
2
2x2
[(1− r22(1− x2)]2
)
r22x2 ln(r
2
2x2)
+
(
3(1− r22) + 2r22x2 +
2r42x
2
2
1− r22(1− x2)
)
ln(1− r22)− iπ
1− r22(1− x2)
}
+
∫ 1
0
dx2 φ
T
J/ψ(x2)
{
− 8x22
lnx2
1− x2 +
8r22x
2
2 ln(r
2
2x2)
1− r22(1− x2)
− 8r22x22
ln(1− r22)− iπ
1− r22(1− x2)
}]
, (47)
gI =
2
√
2Nc
fJ/ψ
[∫ 1
0
dx2 φ
L
J/ψ(x2)
{
−4x2
(1 − r22)(1− x2)
lnx2 +
r22x2
[1− r22(1− x2)]2
ln(1− r22)
+
(
1
(1 − r22x2)2
− 1
[1− r22(1− x2)]2
+
2(1 + r22 − 2r22x2)
(1− r22)(1 − r22x2)2
)
r22x2 ln(r
2
2x2)− iπ
r22x2
[1− r22(1− x2)]2
}
+
∫ 1
0
dx2 φ
T
J/ψ(x2)
{
8x22
(1− r22)(1 − x2)
lnx2 − 8x
2
2r
2
2
(1− r22)(1− r22x2)
ln(r22x2)
}]
. (48)
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we will present the theoretical predictions on the CP-averaged BRs, CP-averaged polarization
fractions, and CP-violating asymmetries for those considered B → J/ψV decay modes.
A. Input quantities
The masses (in units of GeV) and B meson lifetime (in ps) are taken from Particle Data Group [39]
mW = 80.41 , mB = 5.28 , mBs = 5.37 , mb = 4.8 ;
τBu = 1.641 , τBd = 1.519 , τBs = 1.497 , mJ/ψ = 3.097 . (49)
For the CKM matrix elements, we adopt the Wolfenstein parametrization up to O(λ5) and the updated parameters
A = 0.811, λ = 0.22535, ρ¯ = 0.131+0.026−0.013, and η¯ = 0.345
+0.013
−0.014 [39].
B. CP-averaged Branching Ratios, Polarization Fractions, and Relative Phases
In this subsection, we will analyze the CP-averaged BRs of the considered B → J/ψV decays in the pQCD approach.
For B → J/ψV decays, the decay rate can be written explicitly as,
Γ =
G2F |Pc|
16πm2B
∑
σ=L,N,T
A†σAσ , (50)
where |Pc| is the three- momentum of the final vector meson. Based on the helicity amplitudes (35), we have defined
the transversity amplitudes as
AL =ML, A‖ =
√
2MN , A⊥ = r2r3
√
2(r2 − 1)MT , (51)
for the longitudinal, parallel, and perpendicular polarizations, respectively, with the ratio r = P2 ·P3/(m2B r2r3). Using
the decay amplitudes obtained in last section, it is straightforward to calculate the CP-averaged BRs with uncertainties
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as displayed in Eqs. (55)-(58). The dominant errors are induced by the shape parameters ωB = 0.40 ± 0.04(ωB =
0.50± 0.05) GeV for B(Bs) meson, the uncertainties of the decay constants fM , the Gegenbauer moments ai for the
light vector mesons, the charm quark mass mc = (1.50 ± 0.15) GeV, and CKM matrix elements (ρ¯, η¯), respectively.
It is worthwhile to stress that the variation of the CKM parameters has small effects on the CP-averaged BRs and
polarization fractions and thus will be neglected in the numerical results as shown in Eqs. (55)-(58) and Eqs. (85)-(93).
The theoretical predictions in the pQCD approach for the CP-averaged BRs of the decays under consideration
within errors are given as follows:
• for b¯→ s¯ decay channels,
BR(Bd → J/ψK∗0) = 1.23+0.30−0.23(ωB)+0.16−0.16(fM )+0.10−0.09(ai)+0.22−0.20(mc)
[
1.23+0.42−0.36
]
× 10−3 , (52)
BR(Bu → J/ψK∗+) = τBu
τBd
· BR(Bd → J/ψK∗0)
= 1.33+0.32−0.25(ωB)
+0.17
−0.17(fM )
+0.11
−0.10(ai)
+0.24
−0.22(mc)
[
1.33+0.45−0.39
]
× 10−3 , (53)
BR(Bs → J/ψφ) = 1.02+0.29−0.22(ωB)+0.14−0.12(fM )+0.06−0.06(ai)+0.16−0.15(mc)
[
1.02+0.36−0.30
]
× 10−3 ; (54)
• for b¯→ d¯ decay channels,
BR(Bd → J/ψρ0) = 2.7+0.7−0.5(ωB)+0.5−0.3(fM )+0.2−0.1(ai)+0.5−0.4(mc)
[
2.7+1.0−0.7
]
× 10−5 , (55)
BR(Bu → J/ψρ+) = 2 · τBu
τBd
· BR(Bd → J/ψρ0)
= 5.8+1.5−1.1(ωB)
+1.1
−0.6(fM )
+0.4
−0.2(ai)
+1.1
−0.9(mc)
[
5.8+2.2−1.6
]
× 10−5 , (56)
BR(Bd → J/ψω) = 2.3+0.5−0.4(ωB)+0.2−0.3(fM )+0.1−0.1(ai)+0.3−0.4(mc)
[
2.3+0.6−0.7
]
× 10−5 ; (57)
BR(Bs → J/ψK¯∗0) = 4.1+1.1−0.8(ωB)+0.5−0.5(fM )+0.3−0.3(ai)+0.7−0.7(mc)
[
4.1+1.4−1.2
]
× 10−5 . (58)
The values given in the square parentheses are obtained by adding various errors in quadrature.
Experimentally, the available measurements of the branching ratios for the considered decay modes are as follows [39,
48, 49],
BRex.(Bd → J/ψK∗0) = (1.34± 0.06)× 10−3 , (59)
BRex.(Bu → J/ψK∗+) = (1.43± 0.08)× 10−3 , (60)
BRex.(Bs → J/ψφ) = (1.09+0.28−0.23)× 10−3 , (61)
BRex.(Bd → J/ψρ0) = (2.7± 0.4)× 10−5 , (62)
BRex.(Bu → J/ψρ+) = (5.0± 0.8)× 10−5 , (63)
BRex.(Bd → J/ψω) = (2.4± 0.7)× 10−5 , (64)
BRex.(Bs → J/ψK¯∗0) = (4.4± 0.9)× 10−5 . (65)
It is necessary to point out that the LHCb results for Bs decays correspond to the time-integrated quantities, while
theory predictions made in the above refer to the branching fractions at t = 0 [50]. These two quantities can differ by
10% by definition. The precision of the measurements for the b¯→ d¯ modes can be improved once more data samples
are collected in future.
From the above results, one can see that most of our NLO pQCD predictions on BRs agree well with the existing
experimental measurements within the uncertainties. Meanwhile, one can observe that the decay rates for the b¯→ s¯
transition processes, i.e., Bu/d → J/ψK∗ and Bs → J/ψφ, are generally much larger than those for the b¯ → d¯
transition ones, i.e., Bu/d → J/ψρ, Bd → J/ψω, and Bs → J/ψK¯∗0. This is due to the CKM hierarchy for two
kinds of process: the CKM factors VcbVcs in b → s are about 4 times larger than the VcbVcd for b → d process.
The remanent differences arise from the SU(3) symmetry breaking effects in the hadronic parameters, such as decay
constants, mesonic masses, distribution amplitudes, etc.. This analysis may provide theoretical ground for the use of
SU(3) symmetry in B and Bs decays to hunt for a scalar glueball in Ref. [51, 52]
Here, we will also explore some interesting relations among those considered decay channels,
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• The ratio Rω/ρ between the branching ratios of Bd → J/ψω and Bd → J/ψρ0 decays can be given as,
Rth.ω/ρ ≡
BR(Bd → J/ψω)
BR(Bd → J/ψρ0) ≈ 0.85
+0.01
−0.03(ωB)
+0.00
−0.04(fM )
+0.00
−0.02(ai)
+0.00
−0.04(mc)[0.85
+0.01
−0.07] , (66)
where most theoretical errors have been cancelled out in the ratio. This prediction is in good consistency with
the LHCb measurement [49] within errors,
BR(Bd → J/ψω)
BR(Bd → J/ψρ0) = 0.89
+0.20
−0.23 . (67)
Theoretically, both decay modes embrace the same transition at the quark level, which means the involved QCD
behavior is similar. The differences between their CP-averaged branching ratios come from their different decay
constants and masses.
• The ratio of BRs of Bs → J/ψK¯∗0 and Bd → J/ψK∗0 decays is predicted as
Rth.s/d ≡
BR(Bs → J/ψK¯∗0)
BR(Bd → J/ψK∗0) ≈ 0.0333
+0.0011
−0.0007(ωB)
+0.0001
−0.0004(fM )
+0.0021
−0.0021(ai)
+0.0001
−0.0002(mc)[0.0333
+0.0024
−0.0022] , (68)
which agrees well with that shown in Ref. [48]
BR(Bs → J/ψK¯∗0)
BR(Bd → J/ψK∗0) = 0.0343
+0.006
−0.006 , (69)
and also with the CDF results [53]
BR(Bs → J/ψK¯∗0)
BR(Bd → J/ψK∗0) = 0.062± 0.028 , (70)
where the BR(Bs → J/ψK∗0) measured by CDF Collaboration is [8.3± 3.8]× 10−5 [53].
• The ratio of the branching ratios of two Bs decay channels can be predicted as,
Rth.K∗/φ ≡
BR(Bs → J/ψK¯∗0)
BR(Bs → J/ψφ) ≈ 0.040
+0.001
−0.000(ωB)
+0.001
−0.000(fM )
+0.001
−0.001(ai)
+0.001
−0.000(mc)[0.040
+0.002
−0.001] , (71)
which is also in good agreement with the entry derived from the available data [39, 48],
BR(Bs → J/ψK¯∗0)
BR(Bs → J/ψφ) ≈ 0.040
+0.0133
−0.0119 . (72)
• In those two b¯→ s¯ transition modes, the theoretical ratio of BR(Bd → J/ψK∗0) to BR(Bs → J/ψφ) is
Rth.d/s ≡
BR(Bd → J/ψK∗0)
BR(Bs → J/ψφ) ≈ 1.21
+0.03
−0.04(ωB)
+0.00
−0.02(fM )
+0.02
−0.02(ai)
+0.01
−0.03(mc)[1.21
+0.04
−0.06] ,
Rth.′s/d ≡
BR(Bs → J/ψφ)
BR(Bd → J/ψK∗0) ≈ 0.83
+0.03
−0.02(ωB)
+0.01
−0.00(fM )
+0.01
−0.02(ai)
+0.01
−0.02(mc)[0.83
+0.03
−0.03]. (73)
which is consistent well with the existing data [39],
BR(Bd → J/ψK∗0)
BR(Bs → J/ψφ) ≈ 1.22
+0.32
−0.27 . (74)
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We will also study the polarization fractions for B → J/ψV decay modes:
fL(||,⊥) ≡
|AL(||,⊥)|2
|AL|2 + |A|||2 + |A⊥|2
. (75)
By definition these fractions satisfy the relation:
fL + f‖ + f⊥ = 1 . (76)
The CP-averaged polarization fractions are predicted as follows
• for Bu/d → J/ψK∗ decays,
fL(Bu/d → J/ψK∗) = 48.7+0.8−0.7(ωB)+1.6−1.5(fM )+3.8−3.8(ai)+0.7−1.2(mc)
[
48.7+4.3−4.3
]
% , (77)
f‖(Bu/d → J/ψK∗) = 30.3+0.4−0.5(ωB)+0.9−0.9(fM )+2.2−2.1(ai)+1.2−0.9(mc)
[
30.3+2.7−2.5
]
% , (78)
f⊥(Bu/d → J/ψK∗) = 21.0+0.2−0.4(ωB)+0.8−0.9(fM )+1.6−1.8(ai)+0.2−0.0(mc)
[
21.0+1.8−2.1
]
% . (79)
Compared to the LHCb measurement [54]:
f‖(Bu/d → J/ψK∗) = (22.7± 1.2)%, f⊥(Bu/d → J/ψK∗) = (20.1± 0.9)%, (80)
our result for f⊥ is in agreement while the one for f|| is a bit higher than the data by about 2σ.
• for Bs → J/ψφ mode,
fL(Bs → J/ψφ) = 50.7+0.8−0.8(ωB)+1.5−1.4(fM )+3.1−3.0(ai)+0.5−1.1(mc)
[
50.7+3.6−3.6
]
% , (81)
f‖(Bs → J/ψφ) = 29.8+0.6−0.4(ωB)+0.8−0.7(fM )+1.7−1.7(ai)+1.2−0.8(mc)
[
29.8+2.3−2.0
]
% , (82)
f⊥(Bs → J/ψφ) = 19.4+0.4−0.3(ωB)+0.7−0.6(fM )+1.4−1.3(ai)+0.4−0.0(mc)
[
19.4+1.7−1.5
]
% , (83)
which are also in agreement with the recent measurement by the LHCb Collaboration [2]
fL = [49.7± 3.3]% , f⊥ = [23.7± 1.9]% . (84)
• for Bu/d → J/ψρ decays,
fL(Bu/d → J/ψρ) = 51.8+0.9−0.7(ωB)+1.7−1.6(fM )+2.8−2.6(ai)+0.0−0.4(mc)
[
51.8+3.4−3.2
]
% , (85)
f‖(Bu/d → J/ψρ) = 27.7+0.5−0.4(ωB)+0.9−0.9(fM )+1.6−1.4(ai)+0.8−0.3(mc)
[
27.7+2.1−1.7
]
% , (86)
f⊥(Bu/d → J/ψρ) = 20.4+0.3−0.3(ωB)+0.7−0.8(fM )+1.3−1.2(ai)+0.5−0.2(mc)
[
20.4+1.6−1.5
]
% . (87)
• for Bd → J/ψω mode,
fL(Bd → J/ψω) = 53.5+0.9−0.8(ωB)+2.2−2.0(fM )+2.6−2.5(ai)+0.0−0.5(mc)
[
53.5+3.5−3.3
]
% , (88)
f‖(Bd → J/ψω) = 26.9+0.6−0.5(ωB)+1.1−1.0(fM )+1.5−1.4(ai)+0.8−0.4(mc)
[
26.9+2.1−1.8
]
% , (89)
f⊥(Bd → J/ψω) = 19.5+0.3−0.3(ωB)+1.0−1.0(fM )+1.3−1.1(ai)+0.5−0.2(mc)
[
19.5+1.7−1.5
]
% . (90)
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• for Bs → J/ψK¯∗ mode,
fL(Bs → J/ψK¯∗0) = 50.9+0.9−1.0(ωB)+1.8−1.6(fM )+3.7−3.9(ai)+0.4−1.2(mc)
[
50.9+4.2−4.5
]
% , (91)
f‖(Bs → J/ψK¯∗0) = 29.1+0.5−0.6(ωB)+0.7−1.0(fM )+2.0−2.2(ai)+1.1−0.9(mc)
[
29.1+2.4−2.6
]
% , (92)
f⊥(Bs → J/ψK¯∗0) = 20.1+0.4−0.3(ωB)+0.8−0.9(fM )+1.7−1.7(ai)+0.4−0.0(mc)
[
20.1+2.0−1.9
]
% . (93)
The measurement of polarization fractions for Bs → J/ψK¯∗0 decay by the LHCb Collaboration [48] is
fL = [50± 8]%, f|| = [19+10−8 ]%. (94)
In terms of the transversity amplitudes, we can define their relative phases φ|| and φ⊥
φ|| ≡ arg
A||
AL and φ⊥ ≡ arg
A⊥
AL . (95)
We then predict the CP-averaged relative phases for the considered B → J/ψV decays as
• for Bu/d → J/ψK∗ decays,
φ‖ = 2.65
+0.10
−0.08 rad , φ⊥ = 2.59
+0.08
−0.11 rad ; (96)
• for Bs → J/ψφ mode,
φ‖ = 2.74
+0.07
−0.07 rad , φ⊥ = 2.65
+0.08
−0.08 rad ; (97)
• for Bu/d → J/ψρ decays,
φ‖ = 2.58
+0.10
−0.08 rad , φ⊥ = 2.52
+0.09
−0.11 rad ; (98)
• for Bd → J/ψω mode,
φ‖ = 2.58
+0.09
−0.11 rad , φ⊥ = 2.51
+0.10
−0.12 rad ; (99)
• for Bs → J/ψK¯∗0 mode
φ‖ = 2.67
+0.09
−0.08 rad , φ⊥ = 2.59
+0.10
−0.11 rad ; (100)
where various errors from the input parameters have been added in quadrature.
C. CP Asymmetries
As for the direct CP-violating asymmetry in these considered modes, considering the involved three polarizations,
whose definitions are as follows,
AdirCP ≡
Γ¯− Γ
Γ¯ + Γ
=
|A(B¯ → f¯final)|2 − |A(B → ffinal)|2
|A(B¯ → f¯final)|2 + |A(B → ffinal)|2
, (101)
where Γ and A denote the decay rate and decay amplitude of B → J/ψV decays, respectively, and Γ¯ and A are the
charge conjugation one correspondingly. It is conventional to combine the three polarization fractions in Eq. (75) with
those of its CP-conjugate B¯ decay, and to quote the six resulting observables corresponding to tranversity amplitudes
as direct induced CP asymmetries [55]. The direct CP asymmetries in transversity basis can be defined as
Adir,αCP =
f¯α − fα
f¯α + fα
, (α = L, ‖,⊥), (102)
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where the definition of f¯ is same as that in Eq.(75) but for the corresponding B¯ decay.
The direct CP-violating asymmetries for those B → J/ψV decays are
AdirCP (B → J/ψK∗) = 3.19+0.42−0.32(ωB)+0.12−0.09(fM )+0.14−0.12(ai)+0.25−0.12(mc)+0.13−0.12(CKM)× 10−4 , (103)
AdirCP (Bs → J/ψφ) = 2.66+0.45−0.37(ωB)+0.10−0.07(fM )+0.11−0.08(ai)+0.14−0.12(mc)+0.10−0.10(CKM)× 10−4 , (104)
AdirCP (B → J/ψρ) = −5.15+0.57−0.70(ωB)+0.18−0.16(fM )+0.22−0.24(ai)+0.05−0.30(mc)+0.21−0.19(CKM)× 10−3 , (105)
AdirCP (B → J/ψω) = −5.08+0.55−0.68(ωB)+0.19−0.21(fM )+0.22−0.25(ai)+0.00−0.27(mc)+0.20−0.18(CKM)× 10−3 , (106)
AdirCP (Bs → J/ψK¯∗0) = −4.15+0.74−0.70(ωB)+0.18−0.14(fM )+0.27−0.22(ai)+0.27−0.20(mc)+0.16−0.16(CKM)× 10−3 . (107)
We also give the results for direct CP asymmetries corresponding to three polarizations,
• for Bu/d → J/ψK∗ decays,
Adir,LCP = 3.04
+0.66
−0.54 × 10−4 , Adir,||CP = 3.39+0.47−0.37 × 10−4 , Adir,⊥CP = 3.26+0.64−0.44 × 10−4 ; (108)
• for Bs → J/ψφ mode,
Adir,LCP = 2.69
+0.62
−0.49 × 10−4 , Adir,||CP = 2.71+0.39−0.40 × 10−4 , Adir,⊥CP = 2.52+0.55−0.40 × 10−4 ; (109)
• for Bu/d → J/ψρ decays,
Adir,LCP = −4.15+0.78−0.96 × 10−3 , Adir,||CP = −6.32+0.72−0.81 × 10−3 , Adir,⊥CP = −6.09+0.84−1.09 × 10−3 ; (110)
• for Bd → J/ψω mode,
Adir,LCP = −3.84+0.81−0.96 × 10−3 , Adir,||CP = −6.63+0.74−0.90 × 10−3 , Adir,⊥CP = −6.36+0.82−1.16 × 10−3 ; (111)
• for Bs → J/ψK¯∗0 mode
Adir,LCP = −3.83+1.14−0.90 × 10−3 , Adir,||CP = −4.63+0.80−0.71 × 10−3 , Adir,⊥CP = −4.27+0.76−1.05 × 10−3 ; (112)
in which various errors have been again added in quadrature.
D. Impact of Penguin Contamination
Based on the encouraging agreements of our theoretical calculations with the available data on branching ratios
and polarisations, we now study the penguin impacts on the mixing-phase in Bs → J/ψφ decay:
φeffs = −arg
[
q
p
A¯αf
Aαf
]
= φs +∆φs, (113)
where α denotes three polarization configurations L, ‖, and ⊥, and Aαf (A¯αf ) stands for the decay amplitude of
Bs → J/ψφ(B¯s → J/ψφ), which can be decomposed into [18]
Aαf (Bs → J/ψφ) = V ∗cbVcs(Tαc + Pαc + Pαt ) + V ∗ubVus(Pαu + Pαt ) , (114)
Here, the unitarity relation V ∗tbVts = −V ∗cbVcs − V ∗ubVus for the CKM matrix elements has been used. The dominant
tree amplitude Tαc contributes to the branching ratio of Bs → J/ψφ decay, and Pαc , Pαu , and Pαt are the penguin
pollution in the decay. In this work, we have calculated the Tαc and P
α
t while the u-quark and c-quark penguin are
not included. Then the charge conjugation amplitude for Bs → J/ψφ decay is
A¯αf (B¯s → J/ψφ) = VcbV ∗cs(Tαc + Pαc + Pαt ) + VubV ∗us(Pαu + Pαt ) . (115)
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TABLE III. Factorization amplitudes AL, A|| and A⊥ (without CKM factors) for the hadronic B → J/ψV decays in the
pQCD approach, where only the central values are quoted. The results are given in units of GeV3.
Decay modes Tree Operators Penguin Operators (×10−2)
Bu/d → J/ψK∗
L
||
⊥
−0.260 + i0.959
−0.175 − i0.775
−0.188 − i0.635
−1.608 + i2.571
0.325 − i2.020
0.157 − i1.617
Bs → J/ψφ
L
||
⊥
−0.158 + i0.933
−0.167 − i0.713
−0.185 − i0.563
−1.147 + i2.376
0.158 − i1.784
0.010 − i1.378
Bu/d → J/ψρ
L
||
⊥
0.210 − i0.620
0.113 + i0.472
0.123 + i0.398
1.005 − i1.665
−0.179 + i1.231
−0.085 + i1.014
Bd → J/ψω
L
||
⊥
−0.203 + i0.573
−0.100 − i0.426
−0.109 − i0.356
−0.928 + i1.539
0.186 − i1.112
0.093 − i0.910
Bs → J/ψK¯∗
L
||
⊥
−0.211 + i0.783
−0.125 − i0.606
−0.144 − i0.495
−1.026 + i1.975
0.130 − i1.506
0.010 − i1.208
For simplicity, one can introduce the ratio
afe
iδf+iγ ≡ V
∗
ubVus(P
α
u + P
α
t )
V ∗cbVcs(Tαc + Pαc + P
α
t )
, (116)
where γ is the weak phase of V ∗ub. This leads to the ratio of amplitudes
A¯αf
Aαf
=
1 + afe
iδf−iγ
1 + afeiδf+iγ
≃ 1− 2iaf cos δf sin γ, (117)
and the phase shift:
∆φs ≃ arcsin(2af cos δf sin γ). (118)
To proceed, we present the factorisation amplitudes (factoring out the CKM matrix elements) in Table. III. Using
the Bs → J/ψφ channel as the example, if we include the LO and vertex corrections, we find the results:
∆φs(L) ≈ 0.72× 10−3 ;
∆φs(‖) ≈ 0.71× 10−3 ;
∆φs(⊥) ≈ 0.69× 10−3 . (119)
The vertex corrections give the dominant contribution. The addition of hard-scattering diagrams gives
∆φs(L) ≈ 0.96× 10−3 ;
∆φs(‖) ≈ 0.84× 10−3 ;
∆φs(⊥) ≈ 0.80× 10−3 . (120)
By including various parametric errors, we therefore give the quantity ∆φs from our pQCD calculation as follows,
∆φs(L) ≈ 0.96+0.04−0.03(ωB)+0.02−0.00(fM )+0.01−0.01(ai)+0.03−0.02(mc)+0.04−0.03(CKM) [0.96+0.07(+0.05)−0.05(−0.04)]× 10−3 ;
∆φs(‖) ≈ 0.84+0.02−0.02(ωB)+0.00−0.00(fM )+0.01−0.01(ai)+0.00−0.01(mc)+0.03−0.04(CKM) [0.84+0.04(+0.02)−0.05(−0.02)]× 10−3 ;
∆φs(⊥) ≈ 0.80+0.01−0.01(ωB)+0.00−0.00(fM )+0.01−0.01(ai)+0.00−0.02(mc)+0.03−0.03(CKM) [0.80+0.03(+0.01)−0.04(−0.02)]× 10−3 . (121)
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The values as given in the parentheses are only from the variation of hadronic parameters and have been added
in quadrature. The deviation ∆φs is found to be of O(10−3) in the standard model with the pQCD approach by
taking into account the known NLO contributions, specifically, vertex corrections. This finding can be examined in
the ongoing LHCb experiment and under-designed Super B factory and may provide an important standard model
reference for verifying the existing new physics from the Bs → J/ψφ data.
Due to the large amount of data sample, the LHCb experiment is able to perform an analysis of the angular
distribution of Bs → J/ψφ. So the coefficients given in Table I could be viewed as experimental observables. Our
predictions for the P-wave coefficients (in units of 10−3) are as follows:
fk ∆ak ∆bk ∆ck ∆dk
c2Ks
2
l − 0.6 −0.3 1.1
s2K (1−c2φc
2)
l
2
− 0.7 0.9 −1.1
s2K(1−s2φc
2)
l
2
− −0.7 1.2 1.3
s2Ks
2
l sφcφ −0.1 1.1 6.4 1.1√
2sKcKslclcφ −1.0 1.0 0.3 0.03√
2sKcKslclsφ 1.1 −0.02 −44 −1.4
.
The first three coefficients ak have been chosen as 1, and thus it is not meaningful to discuss penguin effects to them.
We find most of the results for the other coefficients are of order 10−3. The other four coefficients given in Table
I are the S-wave and the interference terms. The study of them requests the calculation of Bs → J/ψ(K+K−)S ,
presumably dominated by the f0(980), and thus is left out in this work.
In our calculation, only perturbative expansions at NLO in αs and at leading power in 1/mb are taken into account.
The robustness of this calculation may be challenged by higher order QCD and power corrections, and also by long
distance effects. The former can be in principle improved when higher order calculation is available. These include
various sources. According to the discussions in Ref. [26], the penguin correction from the u-quark loop Pαu is of
O(α2s), which needs a two-loop calculation for the corresponding amplitude. While, the correction from c-quark loop
has the same phase with leading-order diagram and thus will not contribute to the ∆φs.
The long distance effects are often parametrized as the rescattering mechanism, and for instance see Ref. [56–58].
To have a sizeable contribution, the intermediate states shall have a large production rates and preferable overlap
with J/ψφ final states. The states that satisfy these constraints include D±s D¯
∓
s (with BR(Bs → D±s D¯∓s ) ∼ 0.5%)
and their spin counterparts. The rescattering contribution can be in principle included when the CP violation for
Bs → DsD¯s is measured in future. However from theoretical viewpoint, it is likely that the rescattering mechanism
will not include large ∆φs. Taking the Bs → DsD¯s as the example, whose factorisation amplitude is given as
M(Bs → D+s D¯−s ) =
GF√
2
fDs(m
2
Bs −m2Ds)FBs→Ds0 (m2Ds){VcbV ∗csa1 − VtbV ∗ts[a4 + a10 + (a6 + a8)R]}, (122)
with R = 2m2Ds/(mb−mc)/(mc+ms), we find that the penguin effects are much smaller than the tree operator with
the a1 ∼ 1. This should be in contrast with the case in Bs → J/ψφ, where the a2 ∼ 0.1.
It is also suggested that the penguin contributions can be constrained by the SU(3)-symmetry related decay mode.
To validate this proposal, one may explore the SU(3) symmetry breaking effects and thus we also calculate the modules
of normalised amplitudes (in units of GeV3) for Bs → J/ψK¯∗0 and Bs → J/ψφ decays,
|AL(Bs → J/ψK¯∗0)| ≈ 0.814+0.140−0.133 , |AL(Bs → J/ψφ)| ≈ 0.949+0.159−0.152 ; (123)
|A‖(Bs → J/ψK¯∗0)| ≈ 0.617+0.110−0.099 , |A‖(Bs → J/ψφ)| ≈ 0.730+0.126−0.112 ; (124)
|A⊥(Bs → J/ψK¯∗0)| ≈ 0.513+0.100−0.087 , |A⊥(Bs → J/ψφ)| ≈ 0.590+0.109−0.096 . (125)
which result in the ratios: ∣∣∣∣∣AL(Bs → J/ψK¯
∗0)
AL(Bs → J/ψφ)
∣∣∣∣∣ = 0.858+0.206−0.196,∣∣∣∣∣A||(Bs → J/ψK¯
∗0)
A||(Bs → J/ψφ)
∣∣∣∣∣ = 0.845+0.210−0.188,∣∣∣∣∣A⊥(Bs → J/ψK¯
∗0)
A⊥(Bs → J/ψφ)
∣∣∣∣∣ = 0.869+0.234−0.204. (126)
These values indicate that the SU(3) symmetry breaking effects may reach 20% in the decay amplitudes and thus can
be examined by future experiments.
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V. SUMMARY
Up to this date, the CKM mechanism has successfully described almost all available data on flavor physics and
CP violation, which has continued to motivate more precise tests of CP violation in the heavy flavor sector. The
fact that the Bs − B¯s mixing angle φs is tiny provides an ideal test of the SM and offers an opportunity to probe
the new physics. To achieve this goal renders the precise theoretical predictions and experimental measurements
important. The reduction of experimental uncertainties seems to have a promising prospect in near future, due to
the large amount of data sample (to be) collected at LHC and the forthcoming Super KEKB factory.
On the other side, it is in necessity to learn about theoretical contamination. What has been explored in this
work is an attempt to fill this gap. We have computed both tree and penguin amplitudes in the perturbative QCD
approach, in which the leading-order contributions and NLO QCD corrections are taken into account. With the
inclusion of these sizeable corrections, our theoretical results for CP-averaged branching ratios, polarization fractions,
CP-violating asymmetries, and relative phases are in good consistency with the available data. Based on the global
agreement, we have explored the penguin contributions and discussed the impact on φs extracted from Bs → J/ψφ.
Adopting the kT factorization approach, we found that the results for φs can be shifted by about 10
−3 while some
angular coefficients can receive corrections about 10−2. The future experiments can examine these predictions.
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Appendix A: Related Functions in the perturbative QCD factorization
We show here the function hi’s, coming from the Fourier transformations of the function H
(0),
hfs(x1, x3, b1, b3) = K0
(√
x1x3(1− r22)mBb1
)[
θ(b1 − b3)K0
(√
x3(1− r22)mBb1
)
I0
(√
x3(1 − r22)mBb3
)
+θ(b3 − b1)K0
(√
x3(1− r22)mBb3
)
I0
(√
x3(1− r22)mBb1
)]
St(x3), (A1)
hnfs(x1, x2, x3, b1, b2) =
{
θ(b2 − b1)I0(mB
√
x1x3(1− r22)b1)K0(mB
√
x1x3(1− r22)b2)
+ (b1 ↔ b2)
}
·

 K0(mBF(1)b2), for F 2(1) > 0
pii
2 H
(1)
0 (mB
√
|F 2(1)| b2), for F 2(1) < 0

 , (A2)
where J0 is the Bessel function, K0 and I0 are the modified Bessel functions with K0(−ix) = −(π/2)Y0(x) +
i(π/2)J0(x). The F(j)’s are defined by
F 2(1,2) = (x1 − x2)[x3 + (x2 − x3)r22 ] + r2c . (A3)
The threshold resummation form factor St(xi) is adopted from Ref. [35]
St(x) =
21+2cΓ(3/2 + c)√
πΓ(1 + c)
[x(1 − x)]c, (A4)
where the parameter c = 0.3. This function is normalized to unity.
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The Sudakov factors are used as
Sab(t) = s
(
x1P
+
1 , b1
)
+ s
(
x3P
−
3 , b3
)
+ s
(
(1− x3)P−3 , b3
)
− 1
β1
[
ln
ln(t/Λ)
− ln(b1Λ) + ln
ln(t/Λ)
− ln(b3Λ)
]
, (A5)
Scd(t) = s
(
x1P
+
1 , b1
)
+ s
(
x2P
+
2 , b2
)
+ s
(
(1− x2)P+2 , b2
)
+s
(
x3P
−
3 , b1
)
+ s
(
(1− x3)P−3 , b1
)
− 1
β1
[
2 ln
ln(t/Λ)
− ln(b1Λ) + ln
ln(t/Λ)
− ln(b2Λ)
]
. (A6)
The scale ti’s in the above equations are chosen as
ta = max(
√
x3(1 − r22)mB, 1/b1, 1/b3),
tb = max(
√
x1(1 − r22)mB, 1/b1, 1/b3),
tnfs = max(
√
x1x3(1− r22)mB,
√
(x1 − x2)[x3 + (x2 − x3)r22 ] + r2c mB, 1/b1, 1/b2). (A7)
The scale ti’s are chosen as the maximum energy scale appearing in each diagram to kill the large logarithmic radiative
corrections.
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